as follows: °C = 5/9 (°F -32).
Vertical Datum
Sea level: In this report "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929) a geodetic datum derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level Datum of 1929.
Abbreviations:
degree ( 
Abstract
Four geophysical techniques were used to determine bedrock fracture orientation and other site characteristics that can be used to determine ground-water movement and contaminant transport at a fractured crystalline bedrock site in Millville and Uxbridge, Massachusetts. Azimuthal seismic-refraction and azimuthal square-array direct current resistivity surveys were conducted at three sites. Borehole-radar surveys were conducted in a cluster of three wells. Ground-penetrating radar surveys were conducted along roads in the study area.
Azimuthal seismic-refraction data indicated a primary fracture strike from 56 to 101 degrees at three sites. Graphical and analytical analysis of azimuthal square-array resistivity data indicated a primary fracture strike from 45 to 90 degrees at the same three sites. Directional borehole-radar data from three wells indicated 46 fractures or fracture zones located as far as 147 feet from the surveyed wells. Patterns of low radar-wave velocity and high radar-wave attenuation from cross-hole radar surveys of two well pairs were interpreted as a planar fracture zone that strikes 297 degrees and dips 55 degrees south. Ground-penetrating radar surveys with 100-megahertz antennas penetrated as much as 150 feet of bedrock, where the bedrock surface was at or near land surface. Horizontal and subhorizontal fractures were observed on the ground-penetrating radar records at numerous locations. Correlation of data sets indicates good agreement and indicates primary high-angle fracturing striking east-northeast. Secondary bedrock porosity and average fracture aperture associated with high-angle fracturing and determined from square-array resistivity data averaged 0.004^ and 0.0071 foot.
Depths to bedrock determined from the ground-penetrating radar records were 0 to 20 feet below land surface along most of the area surveyed. A bedrock depth from 45 to 50 feet b^low land surface was determined along one section of Conestoga Drive. This buried bedrock depression may be part of a bedrock channel that could be a pathway or sink for contamination moving along the bedrock surface.
INTRODUCTION
Contamination of ground water in fractured crystalline bedrock is a problem at many sites in New England. Determining the rate and direction of groundwater flow, contaminant transport, and ultimately, designing site remediation plans requires knowledge about fracture characteristics. The predominant orientation of fractures or fracture zones may result in significant anisotropy (properties that differ according to direction of measurement) in ground-water-flow characteristics in bedrock. Geophysical methods can indicate anisotropy of physical properties of bed'ock caused by fractures, and therefore, may also indicate a preferred direction of ground-water flow. Geophysical Introduction 1 methods have been successfully used to detect fracture characteristics, including fracture location and orientation. One conclusion of most geophysical studies is that the effect of fracturing on changes in physical properties of bedrock is small (Lieblich and others, 1992a) . As a result, interference from natural and cultural sources may obscure or degrade geophysical data so that clear responses from fractures are not detected. Integration (cross correlation) of the results from as many independent geophysical survey methods as possible should improve confidence in the orientation and location of fractures and possibly improve resolution (degree to which individual features can be detected) over that from a single method. These multiple method surveys should be conducted at the same location or in as close proximity to one another as practically possible, so that the same or approximately similar volume of bedrock is sampled. Few multiple surveys have been conducted in areas underlain by crystalline bedrock.
A site on the border between Millville and Uxbridge, in south-central Massachusetts, where chlorinated hydrocarbons had been detected in water from wells completed in fractured crystalline bedrock, provided an opportunity to demonstrate the application of geophysical methods for characterizing fractures and additional information that also could be used to determine the movement of contaminants at the site. For these purposes, the U.S. Geological Survey (USGS), in cooperation with the Massachusetts Department of Environmental Protection (MDEP), conducted azimuthal seismic-refraction, azimuthal square-array direct current resistivity, borehole radar, and groundpenetrating radar geophysical surveys in Millville and Uxbridge, Massachusetts.
The purpose of this report is to present the methodologies and results of the azimuthal seismic refraction, azimuthal square-array direct current resistivity, borehole radar, and ground-penetrating radar geophysical surveys conducted in Millville and Uxbridge, Massachusetts, from August through December 1993. The report presents selected records of geophysical data, interpretation of fracture or strike location from individual geophysical methods, an integrated interpretation of fracture strike from four geophysical methods, and some additional information from the geophysical surveys that could be used to determine movement of contaminants. The physical characteristics of the study area and a summary of the results of previous investigations also are described.
Description of Study Area and Previous Investigations
The area of investigation is located in so'ith-central Massachusetts, in the towns of Millville and Uxbridge ( fig. 1 ). This area is on the eastern edge of tH New England Central Highlands physiographic province (Denny, 1982) , which is typified by slightly elongated low rolling hills with moderate relief. In general, the long axes of bedrock hills are oriented north-south and reflect the regional geologic structural trend. Scour and deposition of material during the last period of glaciation has resulted in a north-northwest to norhwest orientation of present-day hills. Locally, the relief between the Blackstone River, which drains the area, and the highest hills is about 300 ft. The area adjacent to Kempton Road and East Street, where the geophysical surveys were conducted, is on the top and side of a hill with maximum and minimum altitudes of 490 and 300 ft above sea level.
Total concentrations of dissolved chlornated hydrocarbons, including tetrachloroethylene (PCE), trichloroethylene (TCE), and trichloroethane (TCA), ranged from 0.5 to 1,483,000 (ig/L in water samples collected in 1991 (Paul Ollila, Massachusetts Department of Environmental Protection, written commun., 1992) . Concentrations in water samples of water were highest in water samples from 27 domestic bedrock wells closest to the probable source of contamination ( fig. 1 ), 500 ft east of the intersection of Kempton Road and Conestoga Drive (HMM Associates, Inc., 1993) . Dissolved hydrocarbons were detected in water samples from wells as far as 2,100 ft southwest of the contamination source. Concentrations of dissolved hydrocarbons were not detected but could become contaminated in the future at many additional bedrock wells adjacent to the area with contamination. Preliminary analysis of tree-ring cores collected near the contamination source indicated that chlorinated hydrocarbons were first discharged from 1974 to 1977 (Thomas M. Yanosky, U.S. Geological Survey, Reston, Va., written commun., 1993) . The bedrock map of Massachusetts (Zen and others, 1983) shows the area to be underlain by Milford Granite. Mapping by McKniff (1964) indicates that the bedrock underlying the area is intermixed light-gray, medium-to coarse-grained quartz diorite gneiss and dark-gray to black amphibolite. Paillet and Ollilla (1994) studied well-logging techniques for characterizing fractures and borehole-geophysical applications for understanding how fractures contribute to the dispersal of hydrocarbon contamination in ground water in a fractured, crystalline bedrock aquifer. Paillet and Ollilla (1994) report that: quartz diorite gneiss is the most abundant rock type near the site, on the basis of observations of shallow bedrock cores, bedrock outcrops, and rock excavations; strike and dip of fractures measured on three outcrops on or adjacent to the site indicate a predominance of high-angle dips with strikes generally oriented east and west at the outcrop at the east end of Saratoga Drive and fracture strikes oriented west and north at the outcrop on Route 122; fracture orientation was not consistent for 157 fractures interpreted from televiewer logs of six wells in the study area; and orientation was not consistent for 16 hydraulically conductive fractures that were identified by flow-meter logging of six wells. of Environmental Protection, Bureau of Waste Site Cleanup, who provided valuable information and assistance. Special appreciation is extended to the landowners who granted the USGS permission to conduct geophysical surveys on their property.
GEOPHYSICAL SURVEY METHODS
Different rock types and geologic structure have different physical properties. These different properties are utilized in the proper application of geophysical methods. The physical properties of interest for this study were seismic velocity, electrical resistivity, and relative dielectric permittivity. The geophysicrI methods applied in this study were seismic refraction, direct current resistivity, and radar. These were selected because of their successful use for fracture detection in previous investigations. The theory of each method is briefly described, and the reader can find detailed descriptions of the theory and methods in references cited in the text. The methods are described in detail relative to the availability of easily accessible references describing each method.
Azimuthai Seismic Refraction
Refracted waves of seismic energy are utilized in the seismic-refraction method, which is based on the time of travel of energy from a point source through the ground. This method requires the assumption of a layered earth in which the velocity of seismic energy increases with depth in each successive layer. When this assumption is met, seismic energy originating from a sound source (a shot) travels downward into the ground until meeting a refracting surface such as the tcp of bedrock. Energy refracted along this surface continually generates seismic waves that travel upward to land surface, where its arrival is detected by a series of geophones. The arrival times can be used to calculate the velocity of sound through the different layers through which the seismic energy has passed, and consequently, the depth of each layer can be determined. Descriptions of seismic-refraction theory and interpretation methods are given by Redpath (1973) , Dobrin (1976 ), 1 looney (1981 ), and Haeni (1988 
Seismic energy generated at a point is comosed of several wave forms. For this study, the compressional wave (p-wave) component of seismic energy was used. The compressional wave velocity is henceforth referred to as seismic velocity.
In the application of the azimuthal seismicrefraction technique, it is assumed that the directional velocity of seismic energy in bedrock is affected by an anisotropic distribution of fractures that intersect the bedrock surface and that differences in directional velocity are detectable. Data for azimuthal seismicrefraction surveys were collected from several seismic lines oriented at equal angular intervals around a common center point at a site. At any location, the configuration of the seismic line (geophone spacing and shot point location) will be determined by geohydrologic characteristics, including type and thickness of surficial deposits and depth to the water table. The directional velocity of seismic energy in bedrock is determined for each seismic line. For a single subvertical set of fractures, maximum velocity is along the fracture strike direction and minimum velocity is orthogonal to the fracture strike direction. This difference in directional velocity is referred to as the velocity anisotropy. This anisotropy is described by the ratio of maximum and minimum velocity, but this ratio is a scalar indicator that is properly expressed as a tensor. Some of the limitations of this method include (1) multiple fracture sets that may result in a complex azimuthal distribution of seismic velocity, (2) velocity and (or) thickness inhomogeneities in the material overlying a reflector that also can cause anisotropic azimuthal velocity determinations, and (3) the effect of single fractures or small, isolated fracture zones that are unlikely to be detected because the velocity changes caused by these zones generally are too small to be detected. Despite these limitations, refraction surveys where fractures have been detected have been conducted by Bamford and Nunn (1979) in carbonate rock, Park and Simmons (1982) and others (1992a, 1992b) in crystalline rock with glacial overburden, and Imse and Levine (1985) in carbonate rock with glacial overburden.
For this study, azimuthal seismic-refraction data were acquired at three sites ( fig. 1 ). At each site, eight seismic lines oriented in 22.5° increments about a common center point were used ( fig. 2 ). Each line consisted of 24 geophones with a 5-foot spacing. Five sets of time-distance data were collected for each line. Two shots were located 5 and 25 ft from each end of the geophone lines and one shot was located in the center of the line, for a total of five shots along each line. A sledge hammer striking a metal plate on the ground provided the source of seismic energy at each shot location. A 24-channel, signal-enhancement seismograph was used to record data. Elevations were recorded for each shot and geophone location to 0.01-foot accuracy. Seismic velocity was determined on the basis of the SIPT computer program (Scott and others, 1972; Scott, 1977; and Haeni and others, 1987a) , which incorporates delay-time and ray tracing procedures and uses linear regression and the Hobson Overton method of velocity analysis. For graphic visualization and interpretation, seismic velocities and seismic-line orientation were plotted.
Azimuthal Direct-Current Square-Array Resistivity
The resistivity (direct-current resistivity) method, mainly using collinear (Wenner-or Schlumberger-type) arrays has been extensively used in geologic and hydrologic investigations to determine subsurface layered earth configurations and (or) water-quality conditions. Derailed explanations of the theory, methods, and applications are given in many geophysics text books, such as Hansen and others (1967) and Zody and others (1974) . Resistivity methods have been successfully applied to detect fractures by a number of investigators, including Risk (1975) , McDowell (1979) , Palacky and others (1981) , Soonawalaand Deuce (1981), Taylor (1982) , Mallik and others (1983) , Leonard-Mayer (1984a , 1984b , Ogden and Eddy (1984) , Taylor and Fleming (1988) , Lieblich and others (1991 , 1992a ), andRitziand Andolsek (1992 . Most of these investigators applied collinear arrays rotated about a fixed center point to measure directional variations in apparent resistivity that are related to sets of similarly oriented steeply dipping fractures (Lewis and Haeni, 1987) .
The square-array method (square-array directcurrent resistivity) of measuring apparent earth resistivity was originally developed to provide directionally stable apparent resistivity values for layered-earth interpretation in situations of dipping subsurface bedding or foliation (Habberjam and Watkins, 1967) . When variations in azimuthal resistivity are detected over an anisotropic earth and the variations are related to sets of similarly oriented steeply dipping fractures, the squarearray interpretive methods of Habberjam (1972 Habberjam ( , 1975 Habberjam ( , 1979 and Taylor (1984) can be used to determine fracture strike and to estimate secondary porosity.
In comparison with other resistivity methods, the square-array has been shown to be more sensitive to apparent resistivity anisotropy (the ratio of apparent resistivity measured perpendicular and parallel to fracture strike) (Habberjam, 1972; LeMasne, 1979; Darboux-Afouda and Louis, 1989) . The high apparent anisotropy measured with the square array is advantageous because the typically small anisotropy is less likely to be obscured by heterogeneities in bedrock or overburden, bedrock relief, cultural noise, electrode placement error, or other sources of noise that can cause variations in azimuthal resistivity. In addition, the square-array method requires about 65 percent less surface area than an equivalent survey with a collinear array.
Darboux-Afouda and Louis (1989) and Sehli (1990) used the square-array method to locate productive fractures in crystalline bedrock for ground-water supplies. Recent square-array surveys at the USGS bedrock research site in New Hampshire (Lane and others, 1995) detected fracture orientation that agreed with fracture mapping at nearby bedrock outcrops, azimuthal seismic-refraction surveys, and azimuthal Schlumberger resistivity soundings. Lane and others (1995) also outline a simplified method of date analysis to determine fracture strike and secondary porosity.
The square array consists of four electrodes driven into the ground to form a square configuration ( fig. 3) . The location of all measurements are assigned to the center point of the square. The array size (A) is the length of a side of the square. Each resistivity measurement consists of measuring current (7) between two current electrodes (AB) and the potential difference between two potential electrodes (MAT). Based on these measurements, apparent resistivity is determined using the equation
where pa is apparent resistivity, in ohm-meters; K is geometric factor for the arrry; AE is potential difference, in voltr; and / is current, in amperes.
For the square array
where A is square-array side*length, in meters.
For each square, three apparent resistivity measurements are taken ( fig. 3 ). Two measurements (alpha and beta) are perpendicular to each other and parallel to the sides of the square, and a third (gamma) is taken diagonally across the square. The two perpendicular measurements provide information on the directional variations of the subsurface resistivity. The azimuthal orientation of the perpendicular measurements is the line that connects the current electrodes. The diagonal measurement serves as a check on the accuracy of the two perpendicular measurements. In an isotropic medium, the apparent resistivity in the alpha and beta directions are equal and gamma is equal to zero. In a homogeneous, anisotropic medium, the gamma resistivity is equal to the difference between the alpha and beta resistivity. To collect a complete se* of azimuthal-profiling data, the array is rotated in equal angular increments around a common center point. To detect vertical (depth) variations in apparent resistivity at each azimuthal orientation, the array is usually expanded symmetrically about the center point in increments of A multiplied by J2 (Habberjam and Watkins, 1967) . These resistivity soundings can be interpreted as a function of depth. Each array samples a cube of earth with dimensions approximately equal to the array A-spacing.
Fracture strike can be determined graphically or analytically. To graphically interpret fracture strike at a site, each apparent resistivity for a given size square and the azimuth of that measurement are plotted. Tve principal fracture strike direction is perpendicular to the direction of maximum resistivity. Data can be analytically interpreted by using directional resistivity data from two squares separated by 45° (crossec1 squarearray) and applying equations presented by Habberjam (1975) to determine fracture strike.
Secondary porosity resulting from high-angle fracturing was estimated from crossed square-array resistivity and ground-water resistivity data bas?d on methods developed by Taylor (1984) for colliner r arrays and adapted and applied for the square array by Lane and others (1995) . This method for determining secondary porosity also uses anisotropy determined from the field data by Habberjam's method (1975) . Secondary porosity resulting from horizontal or low-angle f-actures is not accounted for with this method.
Average fracture aperture of high-angle fractures at survey sites was estimated based on secondary porosity as determined above and fracture-spacing data determined by fracture mapping at nearby bedrock outcrops. Fracture aperture is equal to the porosity divided by the number of fractures per unit of length.
For this study, square-array data were collected at the three sites shown in figure 1. Azimuthal profiling was accomplished by rotating the array in 15° increments, giving 12 directional apparent-resistivity measurements and six square arrays for each A-spacing. At each azimuthal orientation, sounding (depth) data we^e collected from 6 to 7 individual arrays with A-spacing ranging from 16 to 112 ft. Secondary porosity was determined from ground-water resistivity data from borehole fluid-resistivity logs conducted in the area (Bruce P. Hansen, U.S. Geological Survey, written commun., 1994). Fracture apertures were estimated from fracture-spacing data from outcrop mapping (Paul Ollila, Massachusetts Department of Environmental Protection, written commun., 1994).
Borehole and Ground-Penetrating Radar
Pulses of radio-frequency energy are transmitted into the ground with ground-penetrating radar. This energy travels through the ground until it arrives at an interface with different electrical properties. At this interface, some of the electromagnetic energy is reflected back toward the transmitting antenna and some continues farther into the ground. Geologic materials have varying electrical properties, which are determined by water content, lithology, structure, foliation, dissolved minerals in ground water, and expansive-clay and heavy-mineral content (Wright and others, 1984; Olhoeft, 1984 Olhoeft, , 1986 Haeni and others, 1987b) . The reflected energy received by an antenna is amplified, converted to audio frequency range, recorded, processed, and displayed on a monitor or graphic recorder. The record shows the relative amplitude of the reflected signal and the total traveltime for the signal to pass through the geologic subsurface materials, reflect from electrical interfaces, and return to the antenna. The twoway traveltime, which is measured in nanoseconds (1 nanosecond = 10"9 second) and the relative dielectric permittivity are used to compute the distance to a reflector by means of the equations where d is distance to the reflector, in feet; V is electromagnetic-wave velocity, in feet per nanosecond; t is two-way traveltime, in nanoseconds; c is velocity of light in free space (0.98 ft per nanosecond); and e is relative dielectric permittivity.
Dielectric permittivity is a measure of the capacity of a material to store a charge when an electric field is applied to it relative to the same capacity in a vacuum (Sheriff, 1984) . Approximate values of relative dielectric permittivities and radar-wave velocities are shown in table 1. Transmission frequencies used in radrr surveys range from 20 to 1,000 MHz. The frequency used for a given investigation is selected to provide an acceptable compromise between high resolution (the degree to which individual features can be detected) and deep penetration (distance radar wave travels into rock). The resolution is theoretically equal to the wavelength (A) of the radar wave divided by 4 (Sheriff, 1984) but is practically limited to A/3 to A/2 (Trabant, 1984) . The wavelength is determined based on the equation (5) where A, is the electromagnetic wavelength, in feet; V is the electromagnetic wave velocity, in feet per second; and / is the electromagnetic frequency, in cycles per second.
For the range of frequencies used for radar surveys (20 to 1,000 MHz), resolution in a dry granite ranges from 10.9 to 0.15 ft. High-frequency signals produce high-resolution records but have a limited depth of penetration. The principal factor limiting the depth of penetration of radar waves is the attenuation of electromagnetic waves by earth materials. Radar-signal penetration depends on electrical conductivity of earth materials and frequency of the radar wave. Studies in areas of low electrical-conductivity material have reported depths of penetration ranging from 137 ft in gneiss and amphibolite (Lane and others, 1994) to 90 ft in clay-free sand and gravel (Wright and others, 1984; Olhoeft, 1984 Olhoeft, , 1986 . The penetration depth of radar waves can be less than 3 ft in highly conductive materials, such as clay-rich materials (Olhoeft, 1984; Wright and others, 1984) . Approximate values of conductivity for selected materials are listed in table 1.
Borehole Radar
Short-pulse borehole-radar systems and methods have been developed in the United States (Rubin and others, 1978; Wright and Watts, 1982) and in Sweden (Nilsson, 1983; Olsson and others, 1988) . Single-hole reflection and cross-hole tomography methods to detect bedrock fractures have been applied at high-level nuclear-waste sites (Bradley and Wright, 1987; Olsson and others, 1988 Olsson and others, , 1992a Olsson and others, , 1992b Holloway and others, 1992) . Recently, these methods have been applied in shallow ground-water-contamination studies (Niva, 1993; Lane and others, 1994) .
For this study, single-hole directional and crosshole tomographic borehole-radar surveys were conducted in three wells near the intersection of Kempton Road and Conestoga Drive. These surveys were conducted with an ABEM GeoSience computercontrolled RAMAC system. The downhole transmitter and receiver utilized in the system are battery powered and connected to control, processing, and recording equipment at land surface by fiber-optic cables. Data are digitized down-hole and then transmitted to surface equipment for processing, storage, and real-time d: splay. Broad-band electric-dipole transmitting antennas with center frequencies of 22 or 60 MHz were used. Radar velocities were computed based on a vertical-radar-profiling (VRP) method, where a transmitting antenna is placed on the surface or in a fixed location in the borehole, and the transmitter is moved away from the receiver at specific increments. The slope of tha. best-fit line of the transmitter-receiver separation plotted as a function of pulse arrival time gave the ave-age velocity of radar waves in rock adjacent to the borehole.
Single-Hole Directional Surveys
Single-hole directional surveys were conducted to detect the location and orientation of fractures or f;acture zones. These surveys were conducted with a directional-receiving antenna ( fig. 4) consisting of four separate loop antennas oriented orthogonally to ea^h other and operating at a center frequency of 60 MHz. Directional information about a reflection is obtained by measuring the phase difference of the incoming wave on the different antenna elements.
The transmitter and directional receiver were lowered into the same hole with the antenna centerpoints separated by 27.9 ft. Incremental measurements every 0.82 ft were made along the length of each well surveyed. At each measurement location, 128 complete scans were stacked (added together) to enhance signal quality. Data were processed and interpreted with ABEM software. Processing included removal of direct-current offsets, application of linear and exponential gains, and band-pass filtering to remove highfrequency ringing caused by the difference in diameter of the radar-logging tool and well. The analysis software allows the interpretation of the strike, dip, and borehole intersection depth of planar discontinuities. The distance and direction to point-like discontinuities also can be interpreted.
'Use of firm names in this report is for identification purposes only and does not constitute endorsement by the U.S. Geological Survey.
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Cross-Hole Tomography Surveys
Cross-hole tomography surveys were conducted to identify the presence of large saturated fracture zones and lithologic changes between wells. Tomography is the process by which an image of a planar section of a solid object is made. Data obtained from these surveys include the arrival time and attenuation of the radarwave pulse as it travels from the transmitter in a well to a receiver in a second well. The velocity data primarily provide information about the distribution of electromagnetic properties that are assumed to indicate electrically conductive fluids and alteration clays associated with fractures in the rock mass, and the attenuation information primarily indicates resistivity variations in the rock mass. However, the radar-velocity and attenuation data can be affected by lithologic changes in the bedrock.
A 22-MHz center-frequency transmitting antenna and a non-directional receiving antenna were used for these surveys. The transmitter remained stationary in one borehole while the receiver was moved in 6.56-foot increments in a second borehole. Once measurements had been made at all stations in the second well, the transmitter was moved one increment, and the process was repeated until the transmitter and receiver had occupied all possible locations. Well locaticn and borehole deviation data were used to determine the distance between the antennas at each measurement location. For interpretation, the plane between the surveyed boreholes was divided into 6.56-by 6.56-foot cells and tomographic-modeling software (Ivansson, 1984) was applied to determine the radar-wave velocity and radarwave attenuation in each cell. The results were smoothed to a 0.82-by 0.82-foot cell size with a cubicspline interpolation (Niva, 1993) . Modeled radar-wave velocity and radar-wave attenuation are plotted on cross sections for visualization. The non-unique nodeling results depend to some extent on the density of radarwave data points collected for a cross section and, as a result, the upper and lower corners of the tomographicplane section (where data collection density is smallest) have the least resolution.
The ground-penetrating radar (GPR) survey was conducted with single and dual 100-MHz centerfrequency transmitting and receiving antennas. The antennas, mounted in fiberglass enclosures, were towed behind a four-wheel drive van, which also carried the radar electronic and recording equipment. Radar traverses were conducted on most of the roads in the study area ( fig. 1) . The traverses were referenced to known landmarks, which were noted on the radar records.
Selected radar records were interpreted on the basis of configuration, amplitude, continuity, and terminations of reflections. Interpretations of lithologies and structure were made by comparing the character of the reflected radar-wave configurations from the radar records to a chart of radar-wave configurations from known unconsolidated deposits (Beres and Haeni, 1991, p. 379 ) and interpretations of radar records from investigations of the bedrock terrain. Determination of radar-wave velocity through unconsolidated deposits was made applying equation 3 and radar record traveltime data at locations along the radar survey line where the depth to bedrock is known. Radar-wave velocity in bedrock can be determined from cross-hole borehole radar time and distance data.
SURFACE AND BOREHOLE GEOPHYSICAL SURVEYS TO DETERMINE FRACTURE ORIENTATION
Azimuthal seismic refraction, azimuthal square-array de-resistivity, borehole radar, and groundpenetrating radar data sets are presented in this section. Sample data records and (or) graphic presentation of data are followed by observations and interpretations for each method.
Azimuthal Seismic Refraction
Azimuthal seismic-refraction field data were analyzed and interpreted to determine seismic velocity for a given line direction. Azimuthal plots of seismic velocity for three sites where azimuthal surveys were conducted are shown in figure 5.
The seismic velocities determined with the Hobson-Overton method ranged from 9,600 to 14,332 ft/s. The azimuthal seismic-velocity anisotropy (maximum velocity/minimum velocity) ranged from 1.25 at site 1 to 1.17 at site 3. In comparison to the velocities determined with the Hobson-Overton method, velocities determined by linear regression and weighted average methods had small absolute vanations and generally similar azimuthal velocity distributions. Azimuthal velocity variations from the three methods of velocity determination were used to interpret fracture strike. The graphic azimuthal plots of data indicated that:
At site 1, high seismic velocity was indicated from 45° to 67° and from 90° to 112°. A secondary anomaly with a north-south (0°) orientation may be indicated. This velocity distribution was interpreted as primary fracture strikes of 56° and 101°. A minor fracture set striking north-south (0°) was indicated.
At site 2, high seismic velocity was indicated from 90° to 112°. This was interpreted as a primary fracture strike just south of east (101°).
At site 3, high seismic velocity was indicated trending east-northeast at about 67°. A small veloc; ty increase anomaly trends north (0°). This velocity distribution was interpreted as a primary fracture orientation of east-northeast (67°) and a possible minor secondary strike orientation of north (0°).
The combined results for the area indicate a primary fracture set oriented northeast (45°) to eastsoutheast (101°) and a possible minor secondary fracture set oriented north (0°) or possibly just west of north. An alternate variation of this interpretation is that two sets of primary fractures are present one at 56° and the other at 101°. Because the seismic-refraction method is sensitive to seismic velocities along the refraction layer (bedrock surface), these interpreted fracture sets probably are moderate to high-angle fractures that intersect the bedrock surface. «**.
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Azimuthal Direct-Current Square-Array Resistivity
Azimuthal square-array data collected at the three sites ( fig. 1 ) indicated variations in apparent resistivity with measurement direction. At each site, these variations changed as the size of the array increased. At small array spacings, resistivity anomalies (resistivity highs with corresponding orthogonal resistivity lows) were small and randomly distributed. This probably was the result of lithologic heterogeneities in the unconsolidated surficial deposits obscuring the effect of bedrock fracture^ on resistivity at this scale and (or) bedrock fracturing that is not well developed at this scale. Resistivity data from the larger array spacings were used to interpret fracture characteristics. Azimuthal plots of resistivity data fcr sites 1-3 at array spacings of 112, 56, and 98 ft, respectively, are shown in figure 6 . Data from other array spacings were used for analysis and are discussed as necessary. The graphical plots of resistivity data indicated that:
At site 1, a primary resistivity high (anomaly) at 135° (135° and 315°) with a corresponding orthogonal resistivity low at 45° was present. A secondary anomaly at 90° was evident in data from the 59-and 66-foot arrays, but less pronounced in the 79-and 112-foot arrays. These anomalies were interpreted as a primary fracture orientation of 45° and a possible secondary set from Figure 6 . Azimuthal plots of apparent resistivity from square-array surveys at sites 1-3, Uxbridge, Massachusetts.
345° to 360°. The data indicated that the secondary fracture set was present at shallow bedrock depth but may not be pervasive at depth.
At site 2, a primary resistivity anomaly oriented north (0°) was interpreted to indicate a primary fracture orientation of east (90°).
At site 3, a primary resistivity anomaly was frorr 165° to 180°. A secondary anomaly at 135° was evident from the 65-, 82-, and 98-foot A-spacing data. These anomalies were interpreted as a primary fracture set frm 75° to 90° and a secondary fracture set at 45°.
Fracture strike also was determined analytically from the resistivity data using the cross-squares method (Habberjam, 1975) . Results from this method indicated a primary fracture strike at sites 1-3, of 61°, 79°, and 92°, which was consistent with the primary-fracture strike directions determined from the azimuthal plots.
Borehole Radar
This section presents the results of the single-hole directional and cross-hole tomography borehole-radar surveys that were conducted in three wells.
Single-Hole Directional Surveys
Fifty-two radar reflections were identified on directional radar records from three wells. Radar reflections were interpreted as 46 individual fractures or fracture zones and two point reflectors that may represent the intersection of several fractures. One of the directional radar records from well KR30 and the interpreted location of radar reflectors (fractures) on that record are shown in figure 7 . It was determined that fractures were detected as far as 147 ft from the wells on the basis of equation 3, a measured radar-wave velocity of 0.37 ft/ns, and traveltime data from the radar records. Relative dielectric permittivity of the bedrock was determined to be 7.01 using the measured radar-wave velocity and equation 4. This dielectric permittivity is indicative of wet granite (tab'e 1) and supports the assumption that the fractures were water filled. The resolution of the radar records is 2 to 3 ft based on a calculated radar wavelength of 6.16 ft (eq. 5, p. 22) and the observations of Trabant (1984) . Applying the average radar-wave velocity and data from the radar records, the location and orientation of each of the fractures were determined. Fractures interpreted from the single-hole directional records are listed in table 2. The relatively short distance (125 ft) between wells KR30 and KR30A ( fig. 1 ) allowed for correlation of individual fractures between these wells. Three common fractures were identified in the records of both wells (table 2 and fig. 8 ). One vertical fracture was detected in data sets from all three wells surveyed. This fracture, striking 345°, does not intersect any of the wells ( fig. 9 ) and may be related to northwest-striking faulting in the area (Zen and others, 1983) .
Cross-Hole Tomography Surveys
Radar-wave velocity and radar-wave attenuation tomograms were prepared from data collected during cross-hole radar surveys between well pairs KR29-KR30 and KR30-KR30A. Both tomograms indicated a similar pattern of low-velocity/high-attenuation zones. Radarwave attenuation tomograms for the sections between wells KR29-KR30 and KR30A-KR30 are shown in figure 10 . The low velocity/high attenuation zone was interpreted as a planar fracture zone striking N 63° W and dipping 55° S. Borehole-geophysical logs of the surveyed wells indicated low resistivity and high self-potential anomalies at depths where this feature intersects the wells. Interpretation of borehole-video logs of the three wells indicated that this feature is related to increased amounts of amphibolite in wells KR29 and KR30 but not in well KR30A. Borehole-flowmeter logging (Paillet and Ollilia, 1994 ) indicated a permeable fracture at about 6F ft in well KR30; resistivity, spontaneous potential, and fluid-conductivity-log anomalies indicate fractures and fluid movement at about 178 ft in well KR30A (B.P. Hansen, U.S. Geological Survey, written commun., 1994) . Plots of direct-radar-arrival pulse amplitude and arrival time from single-hole surveys (Niva, 1993 ) indicated a decreased pulse amplitude and delayed radar-arrival time in this zone. These findings were consistent with the interpretation of a planar fracture zone between the three wells. 
Ground-Penetrating Radar
The 100-MHz GPR surveys were mostly conducted along roads ( fig. 1 ). An example of a radar record and interpreted cross section is shown in figure 11 . For unconsolidated deposits, an average radar-wave velocity of 0.2 ft/ns was used for radar-record interpretation and determined based on equation 3 at six locations along the radar lines where depth-tobedrock data were available. For bedrock, a radar-wave velocity of 0.37 ft/ns was determined from the cross-hole radar data. There also may be a different radar-wave velocity in saturated and unsaturated unconsolidated deposits; however, it was not possible to determine any difference from the available data. Because of the different radarwave velocities, radar records and interpreted GPR cross sections shown in this report have two depth scales, one for unconsolidated deposits and one for bedrock. The resolution of the 100-MHz GPR records is about 0.7 to 1.0 ft for unconsolidated deposits and 1.2 to 1.8 ft for bedrock. A dielectric permittivity of 24, determined for the unconsolidated deposits based on equation 4, is indicative of a silty sand (table 1) , which is similar to the unconsolidated material reported on several drilling logs available for the area. Examination of the GPR record indicates a maximum radar-wave penetration of 50 ft for unconsolidated depos- its and 100 to 150 ft for bedrock. Maximum bedrock penetration occurs where the bedrock surface is at or near land surface. Horizontal and subhorizontal reflectors similar to those shown in figure 12 are interpreted as horizontal and subhorizontal fractures or fracture zones. These fractures are visible on the radar record at numerous locations
Correlation of Fracture Orientation Resultr
An east-northeast trending fracture set or zone was interpreted from the seismic-refraction, square-array resistivity, and directional borehole-radar data. Most of tl °. interpreted fracture azimuths from the seismic-refraction and square-array resistivity interpretations were between 55° and 101° (table 3). The borehole-radar data indicated that the fractures that are continuous between surveyed wells had a east-northeast (80°) trend. A weaker correlation between data sets may indicate a secondary northtrending fracture set or zone. The primary and secondary fracture orientations were consistent with previous outcrop fracture mapping in the area (Paillet and Ollila, 1994) and indicated that the fracture orientation observed at land surface was pervasive at depth.
The primary northeast to east fracture strike observed in the geophysical data may be related to the east-northeast regional stress maximum (Nataraja, 1977; Lee and D :°.hl, 1989) . Fracturing striking parallel to the regional stress direction tends to have larger aperture openings thar fractures orthogonal to the regional stress direction, which tend to be forced closed. 
OTHER SITE CHARACTERISTICS DETERMINED FROM GEOPHYSICAL SURVEYS
Geophysical surveys are commonly conducted to provide information about a particular characteristic of a study area. Frequently, these surveys also provide additional information that can be used for site characterization. This section presents fracture porosity and depth to bedrock information determined from the geophysical data that can be utilized for site characterization.
Fracture Porosity and Aperture
Apparent square-array resistivity data can be used to estimate secondary porosity and average fracture aperture of the high-angle fractures that cause the azimuthal variations (anisotropy) in resistivity. Fracture characteristics determined from the squarearray resistivity data are summarized in table 4. Porosity ranged from 0.0042 to 0.0047 and average fracture aperture ranged from 0.0067 to 0.0073 ft. This porosity was not the total secondary porosity of the bedrock but was only associated with the high-angle fractures. Numerical descriptions from table 4 should be considered as maximum possible values of high- angle fractures. The resistivity data used to make the determinations may include the effects of fracture mineralization and bedrock alteration associr'ed with fracturing which, if present, would decrease porosity and effective aperture. Also, the method used to determine porosity of high-angle fractures does not account for the additional porosity associated with horizontal or low-angle fractures that are present.
Depth to Bedrock
Two geophysical methods used in this study provided depth to bedrock information. Azimuthal seismic-refraction data can be utilized to delineate a detailed configuration of the bedrock surface. A northsouth cross section for site 1 ( fig. 1 ) is showr in figure 13 . Because of the relatively small spacing (5 ft) between geophones and many shot points (five) used for these surveys, the resulting high-resolution cross sections indicated small changes in the bedrock-surface elevation.
The bedrock surface also was indicated by radarwave reflections on the 100-MHz GPR records. In general, a depth to bedrock ranging from 0 to 20 ft below land surface was indicated along most of the surveyed lines with good correlation with well data along the lines. One exception, located along Conestoga Drive and shown in figure 13 , had a maximum indicated depth to bedrock of 45 to 50 ft below land surface. This interpretation was supported by a reported depth to bedrock of 50 ft on the drilling log of an adjacent well. This depression in the bedrock surface probably is part of a buried bedrock channel that could be a pathway or sink for locally present contamination that could move along the bedrock surface. The configuration, orientation, and extent of this channel presently (19^5) is unknown. Other Site Characteristics Determined from Geophysical Surveys 21
SUMMARY AND CONCLUSIONS
A study using four geophysical survey methods was conducted to determine bedrock fracture orientation and other site characteristics that can be used to determine ground-water movement and contaminant transport at a fractured crystalline bedrock site in Millville and Uxbridge, Massachusetts. Azimuthal seismic-refraction and azimuthal squarearray de-resistivity surveys were conducted at three sites. Borehole-radar surveys were conducted in a cluster of three wells and GPR surveys were conducted along roads in the study area.
Azimuthal seismic-refraction data indicated a primary fracture strike from 56° to 101° at site 1, 101° at site 2, and 67° at site 3. Analysis of the data suggests a secondary fracture strike orientation of 0° at sites 1 and 2. Azimuthal square-array resistivity data indicates primary high-angle fractures with a 45° strike at site 1, 90° at site 2, and from 75° to 90° at site 3. Secondary fracturing from 345° to 0° at site 1 and 45° at site 3 is suggested.
Directional borehole-radar data from three wells indicated 46 fractures or fracture zones. Fractures were detected from as far as 147 ft from the surveyed wells. Two fractures with east-west strikes and moderate dip were observed on the radar records of two wells. One vertical fracture was detected on the radar records from all three wells surveyed. Interpretation of cross-hole borehole-radar data from surveys between two pairs of wells showed patterns of low velocity and high attenuation of radar waves. This high velocity/high attenuation zone was interpreted as a planar fracture zone striking N. 63° W. and dipping 55° S.
Maximum depth of GPR penetration of bedrock was 100 to 150 ft where bedrock was at or near land surface. Radar reflectors were interpreted as horizontal and subhorizontal fractures at numerous locations.
Correlation of the azimuthal seismic-refraction, azimuthal square-array resistivity, and directional borehole-radar data indicated good agreement between data sets and, in general, indicated primary high-angle fracturing striking east-northeast (80°). Secondary fracturing, trending north (0°), was weakly indicated. Some variation in fracture strike may be present at the three sites. Primary and secondary fracture strikes were consistent with previous fracture mapping on outcrops. The data also indicated that the indicated fracturing was pervasive at depth.
The primary northeast to east fracture strike indicated by the geophysical data may be related to the eastnortheast regional stress maximum. Fracturing striking parallel to the regional stress direction tendr to have larger aperture openings than fractures orthogonal to the regional stress direction, which tend to be farced closed.
Approximate maximum secondary bedrock porosity (fracture porosity) and average fracture aperture associated with high-angle fracturing was determined on the basis of the square-array resistivity data. Porosity ranged from 0.0042 to 0.0047 and average fracture aperture ranged from 0.0067 to 0.0073 ft. These values do not account for additional porosity that may be associated with horizontal and low-angle fracturing that is present.
In addition to fracture information, seismicrefraction and GPR methods produced depth-tobedrock information that can be used for site characterization. High-resolution cross sect:ons showing small changes in bedrock surface can be produced from seismic-refraction data. Interpretation of the 100-MHz GPR records indicated that th~ bedrock surface was 0 to 20 ft below land surface for most of the survey. One exception was an indicated depth to bedrock of 45 to 50 ft near lot 34 along Corestoga Drive. This buried bedrock channel or depression could be a pathway or sink for contamination moving along the bedrock surface. Mapping of the bedrock-surface elevation is needed to determine potential d ; rection of contaminant movement along the surface.
Based on the depth of the 100-MHz radar-wave penetration observed at this site, GPR surveys using higher frequency antennas may produce higher resolution of the bedrock surface, lithology, and possibly the water table than those that were obtained in this study.
Detected and observed fractures in bedrock identified by the geophysical techniques applied in this study were assumed to be water-filled or electrically conductive. These fractures may or may not be hydraulically conductive. Fracture characteristics determined from azimuthal seismic-refraction and azimuthal squarearray resistivity data are representative of high-angle fracturing and do not account for horizontal and low-angle fracturing that also is present.
Fracture characteristics determined with geophysical methods have been used to develop a preliminary conceptual model of ground-water flow in the bedrock aquifer. If hydraulically conductive, the high-angle fractures and fracture zones detected in this study would provide pathways for ground water and contaminants to enter the bedrock aquifer and subsequently provide pathways for their movement within the bedrock. East-west fracturing would facilitate movement of ground water and contaminants in those directions and vertically into the bedrock aquifer. The north-south fracturing, which the geophysical survey results indicated may only be present at shallow depth, would facilitate north-south movement of ground water and contaminants at shallow depths in the bedrock. Horizontal and subhorizontal fractures may allow ground-water flow in all directions at the depth of the fracture. The present pattern of contamination at the site indicates both east-west and north-south components of movement, but was developed while the pumping stress in the aquifer was increasing and changing direction. Depending on its location and extent, the indicated bedrock channel or depression could be a pathway or sink for contamination moving along the bedrock surface. Verification of this preliminary conceptual model of the bedrock aquifer can be accomplished by detailed site characterization and aquifer testing.
